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Abstract

Leaves from the invasive tree Melaleuca quinquenervia containing a range of nitrogen levels were fed to neonate and adult Oxyops
vitiosa to determine the influence of plant nutrition on insect survival, growth, development, and fecundity. Larvae fed the low-
fertilizer leaves (30 g/11.4-liter pot; 15-9-12, N-P-K) had less than one half the survival (30 & 5.0%) of larvae fed the high-fertilizer
(90 g/pot) leaves (65 + 10.4%). Additionally, the biomass of prepupae, pupae, and adults was each significantly greater (each 1.15-
fold) in larvae fed leaves from the high-fertilizer level. However, fecundity was not influenced by these fertilizer treatments. The effect
of five fertilizer treatments (30, 90, 135, 180, and 225 g/pot) applied to M. quinquenervia on O. vitiosa larval survival, growth, de-
velopment, and feeding efficiency was determined in a second experiment. These results indicated that slight increases occurred in
food consumption and biomass when larvae were fed leaves from the lowest and highest fertilizer treatments, respectively. Little if
any evidence of compensatory feeding or increased food utilization efficiency was found on the low-nitrogen leaves. The results
suggest that in mass rearing activities increased production of weevils will occur in high-fertilized (90 g/pot) treatments due to in-
creased larval survival. However, adult fecundity will not be affected by fertilizer treatment. Several qualities of this species con-
tribute to its success as a biological control, namely the adults are long-lived, which enables individuals to bridge periods when
suitable leaves are available, and both larval and adult performance are apparently little affected by a wide range of nitrogen levels.

Published by Elsevier Science (USA).

1. Introduction

The need for biological control of the Australian
melaleuca tree Melaleuca quinquenervia (Cav.) Blake
(Myrtaceae) in south Florida resulted in the 1997 release
of Oxyops vitiosa Pascoe (Coleoptera: Curculionidae)
(Center et al., 2000). Both the larvae and adults are
specialist flush-leaf-feeders of this species (Purcell and
Balciunas, 1994). In Australia, this insect is most
abundant in situations where trees are growing rapidly,
often from suckers or landscaped plants (Purcell and
Balciunas, 1994). In south Florida, the greatest insect
densities have developed where abundant growing tips
of M. quinquenervia are maintained by frequent mowing
(Center et al., 2000). Previous research highlighted the
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importance of M. quinquenervia leaf quality for the
survival, growth, and development of O. vitiosa larvae
(Wheeler, 2001). For example, nearly all the O. vitiosa
larvae died when fed leaves from branches that lacked
emerging bud leaves. Associated with this high mortality
were high leaf toughness values that exceeded 750 g/mm?
compared with acceptable leaves with values between
200 and 350 g/mm? (Wheeler, 2001). However, when O.
vitiosa larvae were fed flush leaves from branches with
emerging leaves (bud stage 4, Van et al., USDA/ARS,
Ft. Lauderdale, FL unpublished data), greater larval
survival, reduced development time, and greater bio-
mass were associated with relatively high foliar nitrogen
and water levels (Wheeler, 2001). Although other inor-
ganic nutrients are important for healthy plant growth,
the nitrogen content of leaves is a widely accepted pre-
dictor of insect herbivore performance (Mattson, 1980;
McNeill and Southwood, 1978; Slansky and Feeny,
1977; Strong et al.,, 1984). Additionally, the water
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content of leaves may be an important factor influencing
herbivore performance, especially for tree-feeding her-
bivores like O. vitiosa (Scriber, 1977; Mattson and
Scriber, 1987). This suggests that O. vitiosa larval per-
formance (survival, growth, and development) and adult
fecundity are influenced by young, high-quality foliage,
and therefore, establishment, mass rearing, and redis-
tribution of this species in Florida for biological control
of M. quinquenervia will benefit from knowledge of these
nutritional limitations.

Herbivore responses to variable food quality involve
flexible behavioral and physiological processes that may
ameliorate the negative effect of an unsuitable host.
These compensatory responses typically fall into three
different categories, including increased rates of food
intake, consumption of additional tissues that comple-
ment the limiting nutrient, and increased digestive effi-
ciency of the limiting nutrients (Simpson and Simpson,
1990; Slansky, 1993). Compensatory feeding for nutri-
tionally suboptimal food may be a common adaptive
response found in many herbivorous species. For ex-
ample, food intake may increase more than 2-fold and
food digestion may increase 1.3-fold in caterpillars fed
diluted artificial diets (Wheeler and Slansky, 1991). The
benefits of such a response may include increased her-
bivore biomass, shorter development time, and in-
creased fecundity compared with individuals that lack
this response (Slansky, 1993). However, one of the costs
of such a response may include increased intake of po-
tentially toxic materials contained in the leaves (Slansky
and Wheeler, 1992). The objective of this study was to
determine the impact of O. vitiosa larval and adult nu-
trition when fed leaves from M. quinquenervia grown at
different fertilizer levels on pre-oviposition period, fe-
cundity, and adult longevity. Moreover, the effect of
different M. quinquenervia fertilizer levels on larval sur-
vival, growth, development, consumption, and digestive
efficiency was determined.

2. Methods and materials
2.1. Plant quality

Plants of M. quinquenervia were germinated from seeds
obtained from field sites in south Florida. These plants
were grown in 1-liter pots connected to a drip irrigation
system in a screenhouse located at the USDA/ARS, In-
vasive Plant Research Laboratory in Ft. Lauderdale, FL.
Seedlings for the Fertilizer Effect on Fecundity study (see
below) were transplanted during September 1998 and
grown in one of two fertilizer levels 30 or 90 g/11.4-liter
pot (Osmocote Plus 15-9-12, N-P-K; Scotts-Sierra
Horticultural Products, Marysville, OH) in a slow-re-
lease ‘southern’ formulation. Seedlings for the Fertilizer
Effect on Larval Performance study (see below) were

transplanted during September 1998 to one of five fer-
tilizer levels, 30, 90, 135, 180, and 225 g/pot. All plants
were grown in tanks that received rainwater and irriga-
tion 3 times/week for approximately 3 months. Pre-
liminary studies indicated that plants grown at the 30 g/
pot level appeared similar to field plants grown under
nitrogen-limited conditions as most of their leaves were
yellow to light green and few emerging bud leaves were
present. Plants grown at the 90g/pot level appeared
similar to field plants grown under conditions where ni-
trogen was not limited as the leaves were generally dark
green and there were many growing tips present
(Wheeler, 2001). The 90 g/pot level was the fertilizer
treatment used for routine M. quinquenervial O. vitiosa
rearing and for a variety of experiments with these spe-
cies. Plants were grown at the higher fertilizer levels (135,
180, and 225g/pot) to determine if the larvae benefit
from feeding on higher quality leaves for mass rearing of
this biological control agent.

Branch tips (n = 9), including emerging bud leaves,
were removed and used either for plant quality analysis
or fed to larvae and adults as needed. For the Fertilizer
Effect on Fecundity study (see below), leaves from posi-
tions 0 to 8 (counting from the tip toward the branch
base) were collected, dried, and analyzed for nitrogen
content in bulk from each fertilizer treatment. Nitrogen
analysis of leaf samples was performed as described
previously (Wheeler, 2001). To determine if differences
in leaf nitrogen content occurred, an ANOVA was
conducted comparing the percentage nitrogen in the
bulked leaves from each treatment. For the Fertilizer
Effect on Larval Performance study (see below), percent
dry mass of individual leaves was determined gravi-
metrically (n = 45) by comparing the mass of leaves
weighed fresh and after drying at 60 °C for 48 h. Addi-
tionally, the nitrogen content of leaf pairs (n = 3) was
determined by combining leaves 0 and 1, 2 and 3, 4 and
5, and 6 and 7. Percentages of nitrogen on both dry-
mass and fresh-mass (percent dry mass nitrogen of
leaves x proportion of dry mass of leaves) bases were
determined. To determine if the fertilizer treatments and
leaf positions influenced leaf percent dry mass or ni-
trogen levels, the linear regression coefficients of these
two effects were compared with analysis of covariance
(ANCOVA; PROC GLM; SAS Institute, 1990) where
leaf position served as the covariate. If the ANCOVA
indicated that leaf position was not significant, the effect
of fertilizer treatment was analyzed by ANOVA and the
means were compared with a Ryan’s Q mean compari-
son test (P = 0.05).

2.2. Fertilizer effect on fecundity
2.2.1. Adult performance and fecundity

Eggs were collected from our laboratory colony and
40 neonates were placed on flush leaves of either the 30
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or the 90 g/pot treatments. Foliage and larvae were kept
in petri dishes (15 x 2cm) lined with moistened filter
paper and sealed with parafilm to retain moisture. All
insects were reared at 25°C, 90% RH, and L12:D12h
photophase. Prepupae were transferred to individual 30-
ml plastic cups for pupation containing ground floral
blocks (Smithers-Oasis, Kent, OH) (Wheeler and
Zahniser, 2001). At emergence, adult male and female
pairs (n = 20) were transferred to Plexiglas cylindrical
cages (30 x 15cm) and supplied with fresh M. quinqu-
enervia tips. The eggs were counted and removed every
three days. Adults were fed either flush leaves of the
same fertilizer treatments upon which they had fed as
larvae (treatments coded: 3030 or 9090) or flush leaves
of the alternate fertilizer treatment (treatments coded:
3090 or 9030). Thus, we could distinguish between larval
and adult nutrition on adult survival and performance.
Moreover, we could determine the ability of adults to
minimize the effects of a poor larval diet. Data were
collected on larval survival, development time and
biomass at the prepupal, pupal, and adult stages, the
pre-oviposition period, adult longevity, and the total
number and rate of eggs produced. To determine if
significant differences occurred between the larval and
adult diets, the insect performance data were analyzed
by a two-way ANOVA and means were compared with
a Ryan’s Q mean comparison test (P = 0.05).

2.3. Fertilizer effect on larval performance

2.3.1. Larval performance

Eggs were collected from our laboratory colony and
the neonates (n = 15) were placed on flush leaves of one
of the fertilizer treatments (i.e., 30, 90, 135, 180, or 225 g/
pot). All rearing conditions were as described above.
The frass was removed, dried, and weighed. The leaves
were replaced at least every three days or sooner if the
larvae consumed 75% or more of the leaf fresh mass.
Larval consumption was estimated gravimetrically as
described previously (Wheeler and Halpern, 1999).
Larvae were reared to the adult stage and data were
collected on larval survival, larval consumption, devel-
opment time to the prepupal, pupal, and adult stages,
and prepupal, pupal, and adult biomass. To determine
the influence of leaf nitrogen levels and insect sex on
these nutritional parameters two-way ANOVAs were
conducted followed by a Ryan’s Q mean comparison
test (P = 0.05).

2.3.2. Food digestion and conversion

Food digestion and conversion efficiencies were ex-
amined by ANCOVA where the effects of fertilizer
treatment and insect sex were determined. Frass output
was analyzed as the response variable and consumption
served as a covariate providing information on food
digestion and absorption similar to the ratio-based nu-

tritional index approximate digestibility (AD). Addi-
tionally, pupal biomass was analyzed as the response
variable and food absorption served as a covariate
providing information about the conversion of absorbed
food to biomass similar to the ratio-based nutritional
index efficiency of conversion of digested food (ECD)
(Raubenheimer and Simpson, 1992; Wheeler and
Halpern, 1999; Wheeler et al., 2001). When significant
ANCOVA results were found, covariate-adjusted means
were compared with a least square mean test while
maintaining the experiment wise error rate at P = 0.05
with the Dunn-Sikdk method (Sokal and Rohlf, 1981).

3. Results and discussion
3.1. Fertilizer effect on fecundity

3.1.1. Plant quality

The percent nitrogen of bulked leaves was influenced
by the fertilizer treatments (Fig. 1). Leaves from the
plants grown at a fertilizer level of 90g/pot had
(F1,13 = 19.15; P =0.0005) greater percent nitrogen
(mean + SE) (1.71 £ 0.01% dry mass) than those grown
at 30 g/pot fertilizer (1.49 £+ 0.05% dry mass).

Larval survival was greater (Fj4 = 9.19; P = 0.0387)
when fed the high-fertilizer leaves (65.0 &+ 10.4%) than
those fed leaves from the low-fertilizer treatment
(30.0 + 5.0%; Fig. 2A). Biomass at the prepupal, pupal,
and adult stages was influenced by both fertilizer treat-
ments (prepupa: Figs = 16.14, P < 0.0001; pupa: Fi 37 =
15.85, P < 0.0001; adult: 1 g9 = 12.51, P = 0.0006) and
sex (prepupa: Fjge = 32.35, P < 0.0001; pupa: Fig9 =
20.32, P < 0.0001; adult: Fjge =25.65, P < 0.0001);

2.0

Nitrogen (% dry mass)

30 90

Fertilizer treatment (g/pot)

Fig. 1. Mean (£SE) percent nitrogen (dry mass) of leaves from M.
quinquenervia plants fertilized at two levels. The fertilizer levels (Os-
mocote Plus 15-9-12, N-P-K; Scotts-Sierra Horticultural Products)
were applied to 11.4-liter pots. Bars with the same letter were not
significantly different (P < 0.05).
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Fig. 2. Mean (£SE) O. vitiosa larval survival (A) and biomass (B) when
larvae were fed leaves from M. quinquenervia plants fertilized at two
levels. The fertilizer levels (Osmocote Plus 15-9-12, N-P-K; Scotts-
Sierra Horticultural Products) were applied to 11.4-liter pots. Bars
with the same letter, within a life stage (B), were not significantly
different (P < 0.05).

however, the interaction between fertilizer treatment and
sex was not significant for the biomass of these life stages
(prepupa: P > 0.07; pupa: P > 0.11; adult: P > 0.8). In
all developmental stages, greater biomass was achieved
by larvae fed leaves from the higher fertilizer treatment
(Fig. 2B). Similarly, females achieved about 1.15-fold
greater biomass in all developmental stages than males
(Fig. 3). Development times to the prepupal (14.7+
0.2 days), pupal (22.2 £+ 0.3 days), and adult (30.5+ 0.4
days) stages were not significantly influenced by either
fertilizer treatment or insect sex.

3.1.2. Adult performance and fecundity

None of the adult performance and fecundity indices
measured were influenced by the fertilizer treatments
suggesting that adult feeding ameliorated the negative
effect of low-nutrient leaves fed to larvae of the 3030
(30 g larval diet, 30 g adult diet) and 3090 (30 g larval
diet, 90g adult diet) treatments. Female pre-oviposi-
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Fig. 3. Mean (£SE) O. vitiosa biomass to the prepupal, pupal, and
adult stages by female and male individuals. The fertilizer levels (Os-
mocote Plus 15-9-12, N-P-K; Scotts-Sierra Horticultural Products)
were applied to 11.4-liter pots. Bars with the same letter within a life
stage were not significantly different (P < 0.05).

tional period averaged 47.4 (4+7.3 days) and was not
significantly influenced by either larval or adult diets
(P > 0.8). The longevity of the adult females averaged
256.6 (£18.2 days) and was not influenced by fertilizer
treatment (P > 0.5). The experiment was terminated
after 375 days and at that time 11 females of the original
40 were still alive and several continued to produce eggs.
These included 1 female both from the 3030 diet (30 g
larval diet, 30 g adult diet) and 3090 diet (30 g larval diet,
90 g adult diet), 5 females fed the 9030 diet (90 g larval
diet, 30 g adult diet), and 4 females fed the 9090 (90 g
larval diet, 90 g adult diet). The total number of eggs
produced per female, including those still alive at the
end of the experiment, averaged 283.0 (4+48.3 eggs;
range 1-1069 eggs) and was not influenced by larval or
adult diet (P > 0.5) and an average of 0.9 (£0.2 eggs)
was produced per female per day and was not influenced
by either larval or adult diet (P > 0.3).

3.2. Fertilizer effect on larval performance

3.2.1. Plant quality

Percent dry mass of individual leaves was influenced
by both fertilizer treatment and leaf position. The linear
regression coefficients for the percent dry mass of leaves,
as a function of leaf position from the tip toward the
base, were determined for each fertilizer treatment. The
slope coefficients for plants grown at only the two
highest fertilizer treatments (180 and 225 g/pot) were
significant indicating that percent dry mass decreased
with leaf position away from tip. However, neither their
slopes nor elevation coefficients (180 g/pot: y =27.5
(£0.32) — 0.63 (£0.07)x; 2 = 0.93; P < 0.0001) (225 g/
pot: y = 28.0 (£0.60) — 0.43 (£0.13)x; 2 = 0.63;P <
0.0108) differed significantly from one another (eleva-
tion: P > 0.7; slope: P > 0.5).
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Fig. 4. Mean (£SE) nitrogen (dry mass and fresh mass) of leaves from
M. quinquenervia plants fertilized at five levels. The fertilizer levels
(Osmocote Plus 15-9-12, N-P-K; Scotts-Sierra Horticultural Prod-
ucts) were applied to 11.4-liter pots. Solid bars with the same upper-
case letters (dry mass) or open bars with the same lower-case letter
(fresh mass) were not significantly different (P < 0.05).

The percent leaf nitrogen increased in both dry mass
and fresh mass (dry mass: Fys4 = 11.56; P < 0.0001;
fresh mass: Fjys4 = 12.60; P < 0.0001) at the higher fer-
tilizer rates but was not influenced by leaf position (Fig.
4). The leaves from plants fertilized at rates equal to or
greater than 135 g/pot had greater percent nitrogen than
the leaves fertilized at lower levels (i.e., 30 and 90 g/pot).

3.2.2. Larval survival, growth, and development

Larval survival averaged 86.6 (£4.7%; range 73.3—
100%) to the adult stage and was not significantly
influenced by plant fertilizer treatment. Although the
nitrogen levels of the 30 and 90 g/pot treatments in this
study were similar to the corresponding treatments in
the previous study (Fig. 1), survival of larvae fed the
30 g/pot leaves in this study was much higher (30 g/pot:
80.0 + 11.6%) than that of larvae fed the same treatment
leaves in the previous study (see Fertilizer Effect on Fe-
cundity; Fig. 2; 30 g/pot: 30.0 £ 0.5%). Possibly seasonal
changes or genetic differences in leaf chemistry other
than nitrogen could account for these mortality differ-
ences; however, these factors were not measured here.

Consumption (dry mass) increased (Fi¢ = 3.45;
P =0.0131) only for larvae fed the 30g/pot leaves
compared with those fed the 90 g/pot leaves (Fig. SA).
However, when assessed on a fresh-mass basis, possibly
most relevant to larval nutrition (Slansky, 1993;
Wheeler, 2001), no statistical change in consumption
was detected in larvae fed leaves from the different
treatments (Fyq, = 2.16; P = 0.0845; Fig. 5A). Pupal
biomass was influenced by both fertilizer treatment
(Fa50 =3.17; P =10.0201) and insect sex (Fjso = 20.19;
P < 0.0001). However, only female pupal biomass was
influenced by fertilizer treatments as pupal biomass of
females was greater when fed leaves from plants fertil-
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Fig. 5. Mean (£SE) O. vitiosa consumption (A; dry mass and fresh
mass) and pupal mass (B; least square mean + SE) of larvae when the
larvae were fed leaves from M. quinquenervia plants fertilized at five
levels. The fertilizer levels (Osmocote Plus 15-9-12, N-P-K; Scotts-
Sierra Horticultural Products) were applied to 11.4-liter pots. Pupal
biomass values are covariate-adjusted for differences in food digestion.
Solid bars with the same upper-case letters or open bars with the same
lower-case letter were not significantly different (P < 0.05).

ized at the 180 and 225 g/pot treatments compared with
females from the 90 g/pot fertilizer rate. Male pupal
biomass was not influenced significantly by fertilizer
treatments (P > 0.3; Fig. 5B). As in the previous study
(Fertilizer Effect on Fecundity), female biomass was also
greater than male biomass in the prepupal (£} 59 = 15.5;
P =0.0002), pupal (Fis9=20.19; P <0.0001), and
adult (£ 59 = 24.04; P < 0.0001) stages. However, none
of the two-way interactions between fertilizer treatment
and insect sex were significant. The nutritional param-
eters, development time to the prepupal (15.7+0.2
days), pupal, (22.8 0.3 days), and adult (30.6 +£0.3
days) stages, were not statistically influenced by fertilizer
treatments, insect sex, or their interaction.

3.2.3. Food digestion and conversion

Food digestion, as analyzed by ANCOVA, was not
influenced statistically by fertilizer treatment, insect sex,
or their interaction. However, the efficiency of digested
food conversion to insect tissue was influenced by
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fertilizer treatment (Fjsg = 3.15; P =0.0205), and in-
sect sex (F]sg = 20.23; P < 0.0001), but not their inter-
action. The female covariate-adjusted pupal biomass for
the 180 and 225 fertilizer treatments were greater than
that of the 90 g/pot treatment (Fig. 5B). These results
indicate that larvae fed leaves from the two highest
fertilizer plants converted absorbed food more efficiently
to insect biomass than those fed leaves from the 90 g/pot
plants. No change in conversion efficiency was found in
males. The average ratio-based nutritional indices sug-
gest that 47.3 (+1.7%) of the ingested food was digested
and absorbed (AD) and 66.9 (£1.1%) of the digested
food was converted to insect biomass (ECD).

These results indicate that O. vitiosa larvae exert lit-
tle, if any changes, in their performance parameters,
consumption, and nutrient utilization in response to the
nutritional content of leaves. Despite this apparent lack
of compensation, little biomass difference occurred in
larvae fed the low-nitrogen M. quinquenervia leaves.
Although consumption (dry mass only) increased sig-
nificantly only in larvae fed the 30 g/pot leaves compared
with those fed the 90 g/pot leaves, no such response was
found with the consumption of fresh mass. For this to
be compensatory feeding, an increase in fresh-mass
consumption, a more realistic indicator of compensa-
tory feeding, should have also occurred (Slansky, 1993).
Additionally, the efficiency of converting digested food
to pupal biomass increased only in females fed the
highest fertilizer treatments (180 and 225 g/pot). How-
ever, if this was a compensatory response the increase
should have occurred when fed the low nitrogen leaves.

Such flexible feeding and nutrient utilization are
common responses among insects and may mitigate the
variable nutritional quality of their host (Simpson and
Simpson, 1990; Slansky, 1993). These responses are
widely regarded as adaptive as they lead to decreased
exposure to natural enemies during the most vulnerable
larval stage (Bernays, 1997, Loader and Damman,
1991). Furthermore, the nitrogen content of weevil food
has been commonly associated with improved survival,
developmental time, adult biomass (Hunt et al., 1993),
relative growth rates (Wheeler and Center, 1997), and
egg production (Cram, 1965a,b; Heard and Winterton,
2000; Hilliard and Keeley, 1984a,b; Maier, 1983; Room
et al., 1989; Sands et al., 1983). Not only did our results
indicate little if any compensation for low quality leaves
but they also indicated little improvement in perfor-
mance when fed higher quality leaves. A statistically
significant, though slight, increase (1.15-fold) occurred
in prepupal, pupal, and adult biomass when fed the 90 g/
pot leaves compared with those fed the 30 g/pot leaves.
Possibly the greatest impact of the fertilizer treatment on
the insect’s overall ability to reproduce and multiply was
the increased mortality (nearly 2.2-fold) in larvae fed the
30 g/pot leaves compared with the 90 g/pot leaves (see
Fertilizer Effect on Fecundity). However, this increased

larval mortality was not repeated in the second experi-
ment (see Fertilizer Effect on Larval Performance) pos-
sibly because the nitrogen level of the 30 g/pot plants
was slightly higher (1.58 £ 0.11%) than in the previous
experiment (1.49 4 0.05%). Thus, although the number
of surviving females was influenced by fertilizer treat-
ment, fecundity per female was not affected when either,
or both, the larvae and the adults were fed leaves of
different nitrogen content.

The apparent lack of compensatory responses seen
here may be related to the potentially toxic terpenoids
found in the leaves of M. quinquenervia. We have re-
ported relatively high concentrations of several mono-
and sesqui-terpenoids extracted from the leaves of M.
quinquenervia (Wheeler et al., 2002a,b). These include a-
pinene, 1,8-cineole, a-terpineol, B-caryophyllene, (E)-
nerolidol, and viridiflorol, many of which are important
mediators of insect—plant interactions (Gershenzon and
Croteau, 1991; Langenheim, 1994). Possibly the larvae
did not increase consumption when fed low-nitrogen
leaves as they were unable to metabolize an increased
dose of these terpenoids. The larvae may be feeding at a
rate that allows detoxification of these terpenoids, con-
verting them into innocuous and easily excreted forms
(Brattsten, 1992). To exceed this rate may saturate the
enzymes (e.g., polysubstrate monooxygenase) resulting
in intoxication (Slansky, 1992; Slansky and Wheeler,
1992). Thus, because of the high concentration of po-
tentially toxic terpenoids in the leaves of this plant, the
O. vitiosa larvae may be unable to increase consumption
to increase acquisition of limited nutritional resources.

Alternatively, the larvae may benefit little by de-
creasing development time, which may be associated
with reduced exposure during the vulnerable larval stage
to generalist predators. Other research indicates that in
Florida, the larvae of this species sequester dietary
terpenoids from the leaves of M. quinquenervia and de-
posit these compounds on their integument, often in
greater concentrations than contained in the leaves
(Wheeler et al., 2002a,b). Although the larvae are well
protected from one of the most common invertebrate
generalist predators in Florida (Elvin et al., 1983;
Kharboutli and Mack, 1991), more rapid larval devel-
opment may benefit this species in their native Australia
where they are frequently attacked by a specialist
tachinid parasitoid (Purcell and Balciunas, 1994). The
significance of these defenses against generalist versus
specialist natural enemies in the native range of this
insect could resolve this apparent contradiction.

The metabolic cost of sequestering defensive com-
pounds is difficult to assess because of the many factors
involved in the process (Rowell-Rahier and Pasteels,
1992). This metabolic cost may be very low with little
impact on insect biomass when consuming increased
concentrations of allelochemicals (e.g., Bowers, 1988).
Alternatively, the cost of sequestration may be relatively
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high as demonstrated in neonate Danaus plexippus
L. (Lepidoptera: Danaidae), where mortality increased
when individuals consumed higher concentrations of
cardenolides in plants (e.g., Zalucki et al., 1990). How-
ever, an additional cost of sequestration of plant de-
fensive compounds, as demonstrated in the present
study, may be the limited ability to compensate for low-
nutrient food by increasing consumption rates to ame-
liorate their negative impact.

In previous work conducted in Australia, the pre-
oviposition period of this species averaged between 42
and 46 days. Additionally, the females, when laying
eggs, produced on average 1.2-1.8 eggs per day, 470
eggs per female, and at least some individuals continued
laying for more than 200 days (Purcell and Balciunas,
1994). The results presented here generally support these
findings; however, this study reports lower values for
egg production both per female (283.0 eggs/female) and
per female per day (0.9 eggs/female/day). Moreover, the
results presented here indicate that adult longevity
(>375 days) may exceed the previous estimates. Female
weevils may live and continue laying eggs for over one
year. This prolonged adult stage undoubtedly allows
individuals to bridge periods when seasonal flush growth
is unavailable.

The results of this study indicate that, despite a 7.5-
fold increase in fertilizer levels applied to M. quinquen-
ervia plants, there was only a 1.4-fold increase in foliar
nitrogen levels. Although significant increases occurred
in the levels of nitrogen in the leaves, no increase was
evident when more than 135 g/pot was applied. More-
over, the nitrogen level of these plants fertilized with
higher nitrogen levels never exceeded 2.5% dry mass.
These relatively low nitrogen levels are consistent with a
previous field study that reported 0.8-2.3% (dry mass)
nitrogen in M. quinquenervia leaves collected from sev-
eral sites in Florida (Wheeler, 2001). Similarly, these low
foliar nitrogen levels were also reported from several
Eucalyptus species in Australia (Fox and Macauley,
1977). The herbivore species is apparently well adapted
to the relatively low nitrogen levels of its host, although
the mechanism does not appear to include a compen-
satory response. In terms of mass production of weevils
for biological control, little or no benefit would result in
agent production when growing M. quinquenervia plants
in excess of 135 g/pot fertilizer.

The implications of these findings for biological
control of M. quinquenervia are several. First, the mass
production of weevils at high fertilizer levels will im-
prove larval survival. However, adult rearing can occur
even on low-fertilizer plants with little effect on longevity
or fecundity. Second, when considering environmental
factors for the selection of agent release sites, nascent
populations of agents will establish and build up pop-
ulations more rapidly in high-fertilizer sites because of
this increased larval survival. If biological control agents

are reared in nursery sites for local production and re-
distribution, fertilization of the plants will benefit larval
survival and in this way the ultimate production of the
colony.
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